Background and Purpose-Determinants of successful recanalization likely differ for Merci thrombectomy and intra-arterial pharmacological fibrinolysis interventions. Although the amount of thrombotic material to be digested is an important consideration for chemical lysis, mechanical debulking may be more greatly influenced by other target lesion characteristics. Methods-In consecutive patients with acute ischemic stroke treated with Merci thrombectomy for middle cerebral artery M1 occlusions, we analyzed the influence on recanalization success and clinical outcome of target thrombus size (length) and shape (curvature and branching) on pretreatment T2* gradient echo MRI. Results-Among 65 patients, pretreatment MRI showed susceptibility vessel signs in 45 (69% 
S
tudies of pharmacological intra-arterial fibrinolysis have reported that larger target clot size, measured by thrombus length or volume, is associated with lower rates of recanalization and poor clinical outcome. [1] [2] [3] However, indirect evidence suggests that thrombus burden may be less important to the success of mechanical recanalization strategies. In clinical trials, intra-arterial fibrinolysis shows a gradient of recanalization efficiency with lower recanalization rates for large thrombus volume sites, like the carotid terminus, 4 and higher recanalization rates for low thrombus volume sites, like the middle cerebral artery first segment (M1 MCA). 5 In contrast, Merci thrombectomy (MT) showed relatively equal recanalization success rates at carotid terminus and M1 MCA occlusion sites. 6 This study investigated the effect on MT success of target thrombus burden and of novel measures of target thrombus and vessel shape. To analyze thrombus morphology, we used the pretreatment MRI susceptibility vessel sign (SVS). The SVS on T2* gradient echo (GRE) MRI is characterized by low-intensity signal conforming to a vessel segment and is generated by deoxyhemoglobin embedded within intraluminal thrombus. The SVS has high sensitivity and specificity for acute large cerebral artery occlusion. 7, 8 Prior studies have used the SVS to analyze thrombus size but not thrombus shape. 9 
Materials and Methods

Patient Selection
In a prospectively maintained database, for the period January 2002 to October 2008, consecutive patients were identified who underwent endovascular recanalization therapy for acute cerebral ischemia at an academic medical center. Study entry criteria were: (1) acute cerebral ischemia with last known well time within 8 hours of first embolectomy pass; (2) treatment with Ն1 Merci Retriever devices; (3) pretreatment MRI protocol including valid GRE sequence; (4) M1 MCA occlusion without internal carotid artery involvement demonstrated on catheter angiography; (5) prestroke modified Rankin Scale score Յ2; and (6) intra-arterial fibrinolysis therapy not administered. Informed consent for embolectomy was obtained in all cases from patients or their legally authorized representatives. Patients treated with intravenous tissue plasminogen activator before embolectomy were included if persistent vessel occlusion was proved by angiography. For each patient, demographics, vascular risk factors, baseline National Institutes of Health Stroke Scale score, and outcome modified Rankin Scale score at 7 days, or discharge if earlier, were analyzed. The study was approved by the hospital Institutional Review Board.
SVS Analysis
MRI studies were performed on a 1.5-T Siemens Vision scanner (Siemens Medical Solutions) equipped with a standard head coil. GRE sequences were obtained using 7-mm slice thickness, no gap, field of view 220 mm, TR 800 ms, TE 15 ms, and flip angle 30°, matrix 512ϫ512. The GRE SVS was defined as presence of hypointensity in the MCA with diameter exceeding the hypointense signal in the contralateral vessel diameter. 7, 8 Two experienced stroke physicians, blinded to clinical information, independently assessed the presence and features of SVS on pretreatment GRE scans with rater discrepancies settled by consensus discussion.
SVS was assessed for indices of thrombus burden (length), tortuosity (angle of curvature), and branching, presumed to reflect extension into Ն1 divisions of the MCA (Figures 1 and 2 ). SVS length was measured using ImageJ (National Institutes of Health, Bethesda, MD). SVS in the M1 MCA were initially independently classified as straight or curved by the 2 readers based on visual inspection and subjective judgment that the vessel segment was essentially straight versus essentially curved. For all curved cases, the subtended angle of curvature of SVS in the M1 MCA was then measured using syngo XWP (VA72B, Siemens AG). One reader (L.Z.) drew a line in the middle of the SVS following whatever curve was present. The software automatically fit a circle segment over the drawn line and calculated the subtended angle of curvature. For comparison, subtended angle curvature was also measured for a random sample of 10 of the cases classified as straight.
The raters also classified SVS shapes as branched or unbranched. Branching was considered present when the axis of a vessel subdivision extended away from the axis of the main trunk at a sudden angle (rather than a gradual curve). Based on these findings, the readers independently classified SVS shapes as regular or irregular with rater discrepancies settled by consensus discussion.
Thrombectomy Procedure
All patients underwent conventional cerebral angiography. The thrombectomy procedure has been described previously. 10 X series devices (X5, X6), L series devices (L4, L5, L6), K Mini , and V2.5 Firm were used in thrombectomy. The procedure was stopped if complete revascularization was achieved, if partial revascularization was achieved and the interventionalist felt the risk of further passes outweighed potential benefit, or if the vessel was not opened after 6 device passes. Pretreatment and posttreatment angiograms were scored on the Thrombolysis in Cerebral Ischemia score and the Qureshi scale by an experienced neurointerventionalist blinded to clinical outcome. 11, 12 Any recanalization was defined as a Thrombolysis in Cerebral Ischemia score of 2a, 2b, or 3 and substantial recanalization as Thrombolysis in Cerebral Ischemia 2b to 3. Major device-related complications were defined as device fracture, vessel perforation, arterial dissection, or embolization in a previously uninvolved territory.
Measurement of Outcome
The primary clinical outcome was death or dependency at Day 7 or discharge, whichever came first, as indexed by modified Rankin Scale scores 3 to 6 (poor clinical outcome) versus 0 to 2 (good clinical outcome). To assess hemorrhagic transformation, control scans, either CT or MRI including GRE sequences, was performed at 24 hours in all patients. Additional MRI or CT scans were obtained in any case of neurological deterioration. Hemorrhages were adjudicated as subarachnoid hemorrhage, remote (extraischemic) cerebral hematoma, 13 or as European Cooperative Acute Stroke Study hemorrhagic infarction Type 1 or 2 or parenchymal hematoma Type 1 or 2. 14 Symptomatic intracranial hemorrhage was defined as any intracranial hemorrhage associated with a Ն4-point increase in National Institutes of Health Stroke Scale score.
Statistical Analysis
Categorical variables were analyzed by 2 or Fisher exact test, as appropriate. Continuous variables were compared with an independent-sample t test or Mann-Whitney U test, as appropriate. Interobserver agreement was calculated by -statistics. Stepwise multiple regression analysis with a backward selection process (exit criterion of PϾ0.1) was used to choose predictor variables for substantial recanalization and poor clinical outcome, respectively. Because of modest sample size, to reduce variables for the multiple regression analysis, a composite vascular risk factor variable was also used, reflecting presence of Ն1 of hypertension, diabetes, hyperlipidemia, atrial fibrillation, or prior stroke. Tobacco and alcohol were not included in the composite variable because of low frequencies in the study population. For all statistical analyses, the level for a significant difference was set at PՅ0.05 and for a trend toward significance at PՅ0.1.
Results
During the study period, 110 patients within 8 hours of stroke onset were treated with MT and underwent pretreatment MRI. Among these, 40 were excluded because the target thrombus was outside the M1 MCA segment, including the internal carotid artery (26), tandem occlusion (5), and M2 MCA segment (9) In addition, 5 patients were excluded for receiving intra-arterial fibrinolysis after unsuccessful MT.
A total of 65 patients fully met study entry criteria. Mean age was 65Ϯ20 years (meanϮSD) and 42 were female (65%). Median baseline National Institutes of Health Stroke Scale score was 18 (range, [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] Interobserver agreement for the presence of SVS was very good (ϭ0.84). In all cases, SVS was ipsilateral to the clinically affected hemisphere. Any recanalization was achieved in 72% of patients and substantial recanalization in 40%. Sixty-two patients underwent control MRI at 24 hours, whereas 3 patients with unstable vital signs underwent CT. Major device-related complications occurred in 5 of 65 patients (7%), including 2 vessel perforations with subarachnoid hemorrhage, 2 arterial dissections, and 1 embolization in a previously uninvolved anterior cerebral artery territory. Baseline characteristics, recanalization rates, device-related complications, radiological hemorrhagic transformation, symptomatic intracranial hemorrhage, and good clinical outcome did not differ among those with and without a SVS (Table 1) .
In the 45 patients with a SVS, SVS length was 13.03Ϯ6.88 mm (range, 5.56 -34.91 mm). An irregular SVS morphology was present in 17, including 5 with both curvature and branching, 6 with curvature without branching, and 6 with branching without curvature (Figure 2) . Among the 11 patients with curved thrombus shape, the mean angle of curvature was 113°(Ϯ42 SD; range, 53°-211°). Among 10 randomly selected patients with straight thrombus shape, the mean angle of curvature was 18°(Ϯ6 SD; range, 13°-34°). Branching was noted in 11 patients, including 5 single branches into 1 M2 division and 6 with double branches into 2 M2 divisions. Interoberver agreement for the shapes of SVS was very good with values of 0.88 for curve versus straight and 0.94 for unbranched verses branched.
Baseline characteristics, device-related complications, radiological hemorrhagic transformation, symptomatic intracranial hemorrhage, and rate of any recanalization did not differ with statistical significance among the irregular and the regular groups ( 
Discussion
This study is the first systematic analysis of the influence of precatheterization-ascertained MCA clot shape on recanalization success of any cerebral revascularization technique and the first analysis of the effect of clot burden on the recanalization efficacy of cerebral mechanical embolectomy.
We found that, in contrast to intra-arterial fibrinolysis, 1-3 the recanalization success of MT was not strongly determined by the size of the target thrombus. This finding accords with the observation in multicenter trials that MT is equally efficacious for thrombi located in large proximal arterial segments as for thrombi located in smaller, distal arterial segments. 15 This finding also is consonant with the known physiological mechanisms of differing recanalization therapies. Pharmacological fibrinolysis requires enzymatic digestion by plasmin of fibrin strands in target thrombi. The speed of enzymatic reactions is typically proportional to the amount of substrate to be processed. In narrow cerebral arteries, larger clot volume results in a smaller surface area-to-volume ratio, further decreasing the effectiveness of fibrinolysis. Moreover, the local supply of plasminogen that can be converted to active plasmin may be completely exhausted during attempts to enzymatically clear large clot burdens. In contrast, in mechanical retrieval therapy, nitinol helical loops and arcading filaments capture the distal portion of the thrombus and then extract the entire thrombus, including all clot portions proximal to the distal most entrapped segment. The success of the mechanical strategy is consequently less dependent on the volume of clot to be extracted.
Although target clot burden did not affect embolectomy success, target clot morphology exerted a substantial influence. Clots that were straight and unbranched were recanalized 3 times as often as clots that were curved and/or branched. This observation accords with the mechanism of action of retrieval embolectomy. Thrombus fills the lumen of occluded arteries so that clot shape is an internal cast of the occluded arterial segment. 16 A curved shape indicates the clot was molded by a more tortuous M1 MCA segment, in which some of the mechanical force applied during retriever pullback will be dispersed radially, whereas a straight shape indicates a straight M1 MCA segment in which the mechanical forces can be exerted on the target thrombus with less impedance. A branched shape indicates thrombus entering arterial branch segments off the MCA trunk so that the distal most thrombus is (1) in a smaller artery less easily accessed by the device; (2) oriented at an angle to the MCA trunk segment, dispersing retrieval forces applied across along the line of the main trunk; (3) potentially more strongly packed into the recipient vasculature and resistant to extraction; and (4) may require multiple successful retriever passes to extract different thrombus projections from different terminal division branches. Because of the importance of recanalization to clinical outcome, regular target clot shape not only determined frequency of revascularization success, but also frequency of good functional outcome at discharge.
Although our study is the first to exploit the susceptibility vessel sign as a source of information regarding clot size and shape before mechanical recanalization therapy, prior studies have investigated the relation between the presence or absence of the SVS and fibrinolytic recanalization and clinical outcome. In 1 study, presence of a SVS arising from an occluded vessel did not predict recanalization response to intravenous tissue plasminogen activator, 17 whereas in another, it did increase the odds of recanalization with intra-arterial urokinase. 18 The authors of the latter study attributed the increased recanalization rate to SVS indicating erythrocyte-rich rather than erythrocyte-poor thrombi with erythrocyte-rich thrombi being more responsive to lytic therapy because they contain less fibrin needing to be digested. The proportion of target thrombus that is fibrin-rich versus fibrin-poor is likely to have less salience for the success of MT than fibrinolytic drugs. In our study of MT, presence of an SVS did not influence recanalization rate.
In this study of M1 MCA occlusions, we found that the T2* susceptibility sign had a sensitivity of 69% in identifying occlusions confirmed at angiography within 8 hours of onset. This rate is congruent with prior studies evaluating the sensitivity of the SVS in proximal cerebral occlusion, which have reported sensitivity rates of 50% to 97% within 6 hours of symptom onset. 7, 8, 18, 19 Our study has limitations. Early patients in the series were treated only with the first generation design of the Merci Retriever device, whereas for later patients, the interventionalist selected devices from among several available Merci Retriever options. However, recanalization rates have not been reported to substantially differ by generation of retriever device. 6 Clinical outcome was evaluated with the modified Rankin Scale assessed at Day 7 or at discharge if earlier than Day 7, not the final 3-month clinical state. However, studies have demonstrated that Day 7 modified Rankin Scale score powerfully predicts the final 3-month clinical outcome. 20 The cohort was recruited over an extended length of time and different generations of devices were used by progressively more experienced operators. However, recanalization rates did not differ substantially in earlier versus later time periods. GRE is very sensitive to motion artifact and noise, which could suggest curvature or branching where none was present. The high interrater reliability and the correlation with clinical outcomes suggest such effects were modest. The study sample size was modest and not based on a formal power analysis, limiting power to detect differences between groups, and was performed at a single center. Confirmation and extension in larger and multicenter cohorts is needed.
We conclude that irregular clot morphology on GRE MRI decreases the technical and clinical success of mechanical retrieval thrombectomy in M1 MCA occlusions. In contrast, retrieval intervention success is not strongly influenced by the size or deoxyhemoglobin content of the clot to be cleared. Irregular SVS morphology indicates the presence of anatomic factors that will make retrieval more difficult. Excessive artery tortuosity and involvement of distal branches may constrain effective delivery of the embolectomy device and its exertion of retraction force. These findings reinforce the perspective that mechanical thrombectomy and pharmacological fibrinolysis are complementary and potentially synergistic treatment strategies. The results also suggest that treatment strategies may usefully be informed by analysis of thrombus shape, size, and composition on pretreatment MRI or CT in addition to thrombus location and parenchymal tissue state. Features of target thrombus shape are important predictor variables to collect and analyze in the design of future clinical trials of endovascular therapy for acute ischemic stroke. subjects enrolled; and were unpaid site investigators in a multicenter registry run by Concentric for which the UC Regents received payments based on the clinical trial contracts for the number of subjects enrolled. J.L.S. and R.J., The University of California, Regents, receive funding for the services of J.L.S. and R.J. as scientific consultants regarding trial design and conduct to ev3 and Chestnut Medical. G.D. is a scientific advisor for and stockholder in Concentric Medical.
